Abstract Ice-age cycling of the Greenland ice sheet likely contributed to locally elevated subglacial geothermal heat fluxes (GHFs), based on recent thermal modeling. Borehole and geophysical data indicate higher GHF in some areas than suggested by current knowledge of underlying geology, particularly at the head of the Northeast Greenland Ice Stream. Changes in lithospheric loading during ice-sheet growth and decay cycles produce large and geologically rapid changes in the effective stress state beneath and near the ice sheet. Oscillations in melt fraction from cyclic loading through multiple ice-age cycles will enhance upward magma migration through the nonlinear increase of melt migration velocity with melt fraction. We simulate periodic ice-sheet loading scenarios along an east-west transect across central Greenland on an Elastic Lithosphere, Relaxed Asthenosphere Earth model. Under likely parameter ranges, deviatoric stresses in the elastic lithosphere across widespread regions are sufficiently high to meaningfully enhance dike emplacement and also allow vug-wave propagation in some scenarios. Stress patterns migrate laterally in response to ice-sheet dynamics, favoring multistage magma ascent. If melt occurs at depth, our modeling suggests that ice-age cycling could help it migrate upward to shallow depth or erupt, contributing to the high observed GHF. Furthermore, shallow magma emplacement might feed hydrothermal systems exploiting enhanced faulting or fracturing from ice-age cycling, adding to elevated GHF. The preglacial passage of the Iceland-Jan Mayen hot spot could have sourced such magmas. Direct observations of these lithospheric processes needed to further constrain our models are limited, highlighting the value of more targeted geophysical studies informing future modeling.
Introduction
Geothermal heat flux (GHF) is important for ice-sheet basal melting and lubrication [e.g., Pollack et al., 1993; Parizek et al., 2002 Parizek et al., , 2003 Pollard et al., 2005; Cuffey and Patterson, 2010; Joughin et al., 2010; Larour et al., 2012] . Recent geophysical investigations and coring suggest anomalously high GHF values beneath central regions of the Greenland ice sheet (GrIS) [Pollack et al., 1993; Fahnestock et al., 2001; Dahl-Jensen et al., 2003b] . The track of the Iceland-Jan Mayen hot spot crossed the island and may have contributed to somewhat thinner lithosphere and higher GHF than typical for an Archean craton, although it remains difficult to link modern GHF observations with the timeline of the hot spot's passage between~90 Ma and~30 Ma [Müller et al., 1993; Braun et al., 2007] . Figure 1a shows the envelope of several previously published hot spot tracks, which includes the region of rapid basal melting near the head of the Northeast Greenland Ice Stream [Lawver and Müller, 1994; Shapiro and Ritzwoller, 2004; Fox-Maule et al., 2005 Greve, 2005; Braun et al., 2007; Petrunin et al., 2013; Rickers et al., 2013] .
Numerous studies have shown that pressure changes and flexural stresses associated with the glacial isostatic adjustment (GIA) caused by glacier and ice-sheet mass changes must affect the volume and migration of magma in the rocks beneath, with enhanced magma extraction during deglaciation contributing to increased eruptive frequency or volume [e.g., Hall, 1982; Hardarson and Fitton, 1991; Sigvaldason et al., 1992; Zielinski et al., 1994 Zielinski et al., , 1996 Huybers and Langmuir, 2009; Sternai et al., 2016] . Furthermore, these stresses have been associated with shallow crustal fracturing and faulting, which likely increase shallow crustal permeability and porosity for groundwater flow within some glaciated settings [Wu and Hasegawa, 1996; Stewart et al., 2000; Hampel and Hetzel, 2006] .
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We hypothesize that the geologically rapid (tens to hundreds of kiloyears) changes in lithospheric stress from ice-age cycling of the GrIS enhanced magma ascent and/or fracture-hosted deep groundwater circulation, contributing to the observed GHF anomalies observed. We qualitatively summarize a possible role for oscillating load from ice-age cycling in enhancing melt extraction through percolation. We then test the plausibility of this mechanism by applying computationally efficient simulations to estimate deviatoric stress fields during glacial/interglacial cycling of the GrIS, finding widespread stresses similar to those estimated to cause dike propagation in magmatic systems. Together, these support our hypothesis that ice-sheet processes might have contributed to anomalous GHF, and we argue that more targeted geophysical studies [e.g., Pourpoint et al., 2015] informing higher-order modeling are required to advance this work.
Ice-Sheet Enhancement of Melt Extraction and Migration
The onset of glaciation over a partially molten, deep region of lithosphere would reduce melt production and also melt fraction there as a roughly linear function of the ice-sheet load, with deglaciation returning melt fraction either to the original value or to a somewhat higher value in regions with additional unloading associated with active glacier erosion and sediment evacuation [Sternai et al., 2016] . Even within regions of negligible net erosion, if ice-age cycling occurred for a sufficiently long time to lose dependence on initial conditions, then a glacial cycle with larger oscillations would extract melt more efficiently, because buoyant ascent of distributed melt increases as the square of the melt fraction above some percolation threshold [McKenzie, 1984; McKenzie and Bickle, 1988; Connolly et al., 2009; Kohlstedt and Holtzman, 2009] . Our simulations suggest the possibility that this process affected Greenland and may also have affected other glaciated Figure 1 . Modern topography, ice thickness, and elastic crustal thickness estimates along the 2400 km long extended "GRIP" transect [after Parizek and Alley, 2004] . (a) Transect across central Greenland (thick black line), overlain on modern bedrock topography (colored contours) with sea level (SL) in black [Amante and Eakins, 2009] . The zone containing estimates of the Iceland hot spot track (red dashed outline [Braun et al., 2007] ) and the approximate location of high basal melting (large black dot [Fahnestock et al., 2001] regions such as West Antarctica, potentially motivating further research. Here we focus primarily on the flexural effects of ice-age cycling on lithospheric stresses beneath GrIS.
Upward magma migration through dike propagation requires fracture-opening stresses of order 10 MPa, depending on the magma and rock types [Rubin, 1995a [Rubin, , 1995b , arising from some combination of magma pressure and horizontal deviatoric stress σ ′ xx [Cooper, 1990; Wu and Hasegawa, 1996; Klemann and Wolf, 1998; Stewart et al., 2000] . Similarly, shear stress magnitudes τ ′ xz À Á of a few tenths to tens of MPa may aid magma ascent through vug-wave migration (the migration of magma in waves of small pockets, aka vugs, along shear planes within a deforming host rock), depending on system parameters [Phipps Morgan and Holtzman, 2005] . In what follows, we consider scenarios in which preexisting magmas at depth may be pushed past these stress thresholds by additional contributions from flexural differential stresses. Magma clearly is emplaced at some times and some places by processes completely independent of ice loading, so Earth processes clearly generate the stress magnitudes of~10 MPa for dike emplacement [Rubin, 1995a [Rubin, , 1995b and~1 MPa or more for vug-wave propagation [Phipps Morgan and Holtzman, 2005] . Here we consider GIA stresses to be significant if they are of the same order of magnitude as these values, and we thus focus on horizontal stresses σ′ xx ≤ À3 MPa and vertical shear stresses |τ′ xz | ≥ 0.3 MPa.
Modern ice sheets have grown and shrunk during ice-age cycles over hundreds of thousands to millions of years. Over these timescales, crust and upper mantle lithosphere likely behave elastically, likely decoupled by a ductile lower crust Diament, 1992, 1995; Kohlstedt et al., 1995; Klemann and Wolf, 1998 ]; however, seismic observations and thermal modeling suggest that the crust provides most of the flexural strength on ice-age timescales in some settings [Maggi et al., 2000; McKenzie et al., 2005] . In the following sections, we model differential tensile and shear stresses generated by ice-age cycling in the elastic crust beneath the Greenland ice sheet along the west-east Greenland Ice Core Project (GRIP) transect of Parizek and Alley [2004] , incrementally parameterized with modern topography, ice-sheet thickness, and elastic crustal thickness estimates shown in Figure 1 [Letréguilly et al., 1991; Ekholm et al., 1995; Ritz and Grenoble team members, 1997; Maggi et al., 2000; Watts, 2001; Fox-Maule et al., 2005; McKenzie et al., 2005] .
Numerical Methods
To estimate flexure-induced differential stresses that might aid magma ascent during ice-sheet growth and decay, we conduct numerical simulations along the transect of Greenland shown in Figure 1 . Building upon previous work, we simulate ice-sheet/lithosphere interactions using an adaptation of the Pennsylvania State University/University of Chicago (PSU/UofC) thermomechanical flow line model [Parizek, 2000 [Parizek, , 2003 Parizek and Alley, 2004; Parizek et al., 2005] . Similar to other ice-sheet models, this finite element model implements the Elastic Lithosphere, Relaxed Asthenosphere (ELRA) treatment of isostasy coupled to a vertically integrated (1-D) Shallow Ice Approximation (SIA) of ice dynamics to estimate coupled ice flow and bedrock deflection. We first simulate stress fields in a uniform Earth model in response to ice-sheet loading, then vary elastic parameters individually to assess parameter sensitivity, and finally introduce geophysical constraints from modern lithospheric geometry beneath our transect to assess stress-field perturbations as they pertain to a Greenland-like crustal transect.
Governing Equations
The ELRA treatment approximates the surface deflection profiles of more-complex full-Earth models [e.g., Lliboutry, 1965; Brotchie and Silvester, 1969; Le Meur and Huybrechts, 1996] , coupling the Euler-Bernoulli (thin elastic plate) bending model with a rate equation that includes a limiting time constant that emulates the deformation-retarding effect of viscous asthenospheric flow. ELRA is widely used in ice-flow modeling because of its fidelity in many cases and computational efficiency, although it may introduce errors in some cases, especially associated with steep gradients from strong ablation zones [e.g., van den Berg et al., 2008] . In order to build on previous work we capitalize on the strengths of ELRA in the ensemble testing of our hypothesis, we conduct simulations for a wide range of solid-Earth properties and ice loading histories in order to capture the full spectrum of plausible deflection profiles for our GrIS transect.
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The EL treatment of lithospheric flexure is
where D lith is the flexural rigidity of the lithosphere, w the deflection profile, q the downward loading force from the ice-sheet, and ρ asth gw the upward buoyant force from displaced asthenosphere. The RA treatment of asthenospheric flow is
where b r is the bedrock profile at time t, b r,o the equilibrium bedrock profile in the absence of an ice load, and τ asth the characteristic response time for asthenospheric flow, which is proportional to asthenospheric viscosity and inversely proportional to the wavelength of the load. Following sensitivity results from Le Meur and Huybrechts [1996] and Huybrechts [2002] , we use τ asth = 3 kyr for all model runs. We note that selecting alternative plausible values for τ asth would impact details of the transient evolution of lithospheric stresses with glacial-interglacial loading cycles (discussed further in section 3), but not the broader conclusions drawn here. The ELRA flexure model is solved using a forward Euler method.
The SIA model is fully described in Parizek [2000 Parizek [ , 2003 and Parizek et al. [2005] . We implement results from these studies to emulate ice thickness (h ice ) and velocity trends, using
where λ is the effective diffusivity of ice flow, s the surface elevation profile, _ A : the ice-equivalent surface accumulation rate, and _ B : the basal melting rate. Assuming that λ is an elemental constant in our finite element method treatment, it can be removed from within the partial differential and decomposed into the sum of sliding (λ o,slide , equation (4)) and internal deformation (λ o,def , equation (5)) components:
where C is the sliding coefficient (C = 1 × 10 À8 m s À1 Pa
À2
), ρ ice the density of ice (910 kg/m 3 ), m the sliding exponent (m = 2), F ice the ice softness enhancement factor, A o the vertically integrated ice softness parameter, and n the flow law exponent (n = 3) [e.g., Glen, 1955; Parizek, 2000 Parizek, , 2003 Parizek et al., 2005] . The SIA is solved using a reverse Euler scheme, and the combined SIA/ELRA model is solved using the Galerkin method of weighted residuals [Parizek, 2000 [Parizek, , 2003 .
Flexural deviatoric stresses are estimated from derivatives of the bedrock deflection profile (w) and a parameterization of elastic crustal thickness (T EC ), Young's modulus (E EC ), and Poisson's ratio (ν). Horizontal deviatoric stresses σ ′ xx À Á are calculated from the concavity of the deflection profile [Turcotte and Schubert, 1982] :
where
∂x 2 is the concavity of the deflection profile, w, σ xx,o the initial stress state calculated from b r,o , and z the depth with respect to the bedrock profile, b r , where z is negative downward and referenced to a sea-level (SL) datum. This equilibrium profile is based on modern bedrock topography and ice thickness profiles and restored at the start of each simulation using that simulation's ELRA parameterization. Although this bending plate theory assumes shear stresses to be zero, an approximation of vertical differential shear stress can be calculated by integrating the horizontal deviatoric stress field over depth [Timoshenko and Woinowsky-Krieger, 1959] :
∂x 3 is the aberrance of the deflection profile and τ xz,o the initial stress state calculated from the aberrance of b r,o . As the sense of shear is unimportant to the direction of migration, the magnitude of the deviatoric vertical shear, τ ′ xz , is presented in our simulations.
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Ice-Sheet Model Parameterization
Greenland's ice sheet has grown and shrunk with ice-age cycling and likely largely or completely deglaciated and reglaciated one or more times after initially forming [see Alley et al., 2010] . To explore this range of behavior, we prescribe slow ice growth from initially deglaciated conditions, followed by two 110,000 year cycles driven by the GRIP ice-isotopic temperature record and proceeding to the modern as in prior work [Parizek, 2000 [Parizek, , 2003 Parizek and Alley, 2004; Parizek et al., 2005] . A rapid (~1.4 kyr) and complete ice-sheet decay is then forced, based on an extreme future warming scenario, and the model is run until the unloaded equilibrium bedrock profile (b r,o ) is reattained. The initial growth phase of each model run is based on a reversed and fiftyfold stretched version of the final decay, resulting in an~70 kyr initial growth phase [Parizek and Alley, 2004] . Ice-sheet model dynamic forcing parameters are based on earlier work, with prescribed profiles of
, and A o along the transect and through time, and the enhancement factor F ice = 15 here, tuned to replicate results from the climate-based GrIS reconstructions using the GRIP ice-isotopic temperature proxy [Parizek, 2000; Parizek and Alley, 2004; Parizek et al., 2005] . The sliding coefficient C was set to 1 × 10 À8 m s , and A o ) and final decay thinning rate data are detailed in the supporting information.
Earth Model Parameterization
We start with a standard elastic parameterization (SEP) Earth model and then perturb parameters through broad ranges around the preferred values. Lithospheric flexural rigidity in GrIS models generally has been taken to fall in the range 1 × 10 24 to 1 × 10 25 N m, but values as low as~10 23 N m and as high as~10 26 N m have been estimated from postglacial response, and more extreme values may occur locally [McConnell, 1968; Wolf, 1987; Stern and Ten Brink, 1989; Fjeldskaar, 1997; Parizek and Alley, 2004; Rogozhina et al., 2012] . We start with rigidity 
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Schubert, 1982; Burov and Diament, 1995; Kohlstedt et al., 1995] . We set the elastic thickness T EC to 30 km along the entire profile, and explore values 10 km to 50 km, based on prior studies [Maggi et al., 2000; Shapiro and Ritzwoller, 2004; Fox-Maule et al., 2005 McKenzie et al., 2005; Braun et al., 2007] . We also test a spatially varying elastic thickness, setting the base of the elastic layer to be coincident with the 580°C isotherm from Fox-Maule et al. [2005] , with a cubic interpolation of these Curie depth data. We set Poisson's ratio v = 0.25 [Turcotte and Schubert, 1982; Kohlstedt et al., 1995] .
Results
Ice-sheet thickness profiles through time are shown in Figure 2 for ice-sheet models coupled to the SEP Earth model with flat ( Figure 2a ) and realistic ( Figure 2b ) initial bedrock topography. Ice-sheet "volumes" (km 3 km À1 transect width) are also shown for these topographies (Figure 2c ). The ice load is concentrated in central regions and on the continental shelves during glacial periods. Following earlier studies, we institute a crude "calving criterion" such that ice is not permitted to advance beyond the edge of the continental shelf, defined here as modern bathymetry deeper than À395 m with respect to sea level [e.g., Parizek and Alley, 2004] . 
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In addition, Figures 3, 8 , and 9 show important time slices: (a) the midpoint of the growth phase, when ice volume is one half of the modern ice volume (circa 533 ka); (b) the end of the growth phase, when ice volume equals modern ice volume (circa 500 ka); (c) a glacial maximum after additional, slow ice-sheet growth (circa 400 ka); (d) following a rapid deglaciation, when ice volume is roughly equal to modern (circa 183 ka); (e) modern, after additional ice-age cycling and the persistence of warm conditions during the Holocene (0 ka); (f) midpoint of rapid removal of GrIS when ice volume is one half of modern ice volume (circa 700 annum in the future); and (g) immediately after full removal of GrIS but before full postglacial isostatic adjustment (circa 1450 annum in the future). The largest stress favoring melt migration achieved during the full simulation is contoured in Figures 3h, 8h , and 9h, and the total time that the stress magnitude exceeds our benchmark stress is contoured in Figures 3i, 8i , and 9i.
Standard Simulation
Many features of the simulations are seen most clearly in the flat-topography constant-lithospheric-thickness runs (Figure 3 ). Ice-sheet loading depresses the central part of the lithosphere and forms peripheral forebulges. The upper crust is placed under horizontal compression in the central regions and tension in the forebulges, with similar magnitude but opposite sign stresses in the lower crust, mirrored about a neutral axis (see Figures 3a-3g ). The stress pattern migrates outward with ice-sheet growth and inward with decay (most clearly shown in Figures 3b-3e) . During glacial maxima, the ice extent exceeds the characteristic wavelength of lithospheric deflection, causing the central region of the depression to flatten and splitting the central stress extremes into two centers closer to the margins (Figure 3c ) [see Brotchie and Silvester, 1969; Turcotte and Schubert, 1982] . Stress magnitudes are smaller under smaller ice-sheet loads, so regions experiencing multiMPa tensile stresses in the forebulge do not migrate as far as the ice-sheet margins do (Figure 3h ; also compare Figures 3c and 3f ). During rapid, complete deglaciation, stress maxima decay with little lateral migration (Figures 3e-3g) as the lithosphere approaches unloaded equilibrium. High stresses persist for a large fraction of the total simulation length (compare Figures 3h and 3i ). Ice-sheet volumes are larger than modern for most of the experiment, consistent with the relatively reduced interglacial state of the modern GrIS.
Model Sensitivity Simulations
We next assess sensitivity of the results from our standard simulation (Figure 3 ) to single-parameter variations from the SEP and initial bedrock topography. We display the maximum tensile σ ′ xx magnitudes attained Figure 7 compares maximum tensile σ ′ xx magnitudes for flat and realistic bedrock topography for the SEP Earth model. Lithospheric flexural rigidity likely depends on a number of factors including strain rate, thermal structure, and composition and may change over time Diament, 1992, 1995; Kohlstedt et al., 1995; Maggi et al., 2000; McKenzie et al., 2005] . Figure 4 shows that increasing flexural rigidity distributes flexural response over longer distances with less curvature and therefore smaller deviatoric stresses. However, even with the highest rigidity tested, tensile σ ′ xx magnitudes still exceed 3 MPa, our target stress for significant cryospheric contribution to magma migration via dike formation, beneath the central ice-sheet region. Though not shown here, decreasing the asthenospheric flow constant τ asth would lead to larger stress magnitudes that sweep farther and more rapidly in response to ice-margin migration.
Flexural deviatoric stresses in the crust are calculated from the deflection of the lithosphere and mechanical properties of the elastic crust. As shown in equations (6) and (7), σ ′ xx and τ ′ xz for a given deflection increase linearly with E EC . This behavior is evident in maximum tensile σ ′ xx in Figure 5 . Even for the lowest E EC value tested, maximum tensile σ ′ xx magnitudes exceed 3 MPa in many places. Similarly, σ ′ xx magnitudes increase linearly with greater T EC , as indicated by equation (6), and shown in the T EC sensitivity simulations in Figure 6 . Equation (7) indicates a quadratic relationship between T EC and τ ′ xz , and
while not explicitly shown here, this trend can be observed in the GRIP transect simulation (Figure 9 ). 
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As shown in Figure 7 , incorporating actual topography (from Figure 1c) into our standard simulation produces marked changes in stress magnitudes and distribution. Changing initial topography without changing the load will affect flexural stresses through focusing, but changing topography also affects ice dynamics and thus the ice loading profile. To separate these effects, we show the maximum tensile σ ′ xx from the standard simulation (Figure 7a ), the stresses resulting from placing that ice sheet on real topography (Figure 7b) , and the stresses from the ice-sheet interacting with the real topography (Figure 7c ). The effect of the topography alone is shown in Figure 7d , where the values from Figure 7a are subtracted from Figure 7b , producing stress changes typically less than 0.1 MPa and thus small compared to the flexural stresses. The full effects of the realistic topography are shown in Figure 7e , which subtracts Figure 7a from Figure 7c , perturbing tensile stress magnitudes as much as 5 MPa in some places but generally less than 3 MPa. These results show that the main effect of this realistic topography is to perturb ice mass distribution rather than to focus stresses. We note, however, that somewhat larger but shorter-lived stress concentrations are generated by the topography in certain times and places, suggesting the possibility that careful considerations of ice-sheet interactions with more extreme topography might reveal interesting effects.
GRIP Transect Simulations
Geophysical evidence suggests notable thickness variations in the elastic crust across the study area Figures 3h and 3i) . Figures 8 and 9 . Following previous studies, we vary elastic crustal thickness while holding other elastic properties constant acknowledging that the lithosphere's resistance to bending under an applied load, and by extension the differential stresses, may not vary as a function of only one parameter [see Diament, 1992, 1995; Kohlstedt et al., 1995; Parizek, 2000 Parizek, , 2003 Parizek and Alley, 2004; Rogozhina et al., 2012] . Consistent with equations (6) and (7), the largest tensile σ ′ xx in Figure 8 and largest τ ′ xz in Figure 9 occur in the thickest regions of crust. Maximum tensile σ ′ xx magnitudes exceed 10 MPa. Introducing varied crustal thickness shifts the deep, central stress maxima toward the thickness maximum. Furthermore, interactions between the evolving ice sheet and the spatially varying crustal thickness enhance stress magnitudes in some regions and diminish them in others compared to earlier simulations. Note, for example, the strong but short-lived stress maxima in the western part of the transect and weakened stress maxima in the eastern part (compare Figures 8h and 8i with Figures 3h and 3i) .
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As indicated by equation (7), Figure 9 shows that τ 
Summary of Model Results
These flowline simulations with a well-characterized ice-flow model coupled to an ELRA Earth model show that ice-age cycling in Greenland forces large elastic and viscous responses in the Earth beneath and nearby.
All simulations generate σ ′ xx of sufficient magnitude to notably affect dike formation in magmatic systems [Cooper, 1990; Rubin, 1995a Rubin, , 1995b . The greatest σ ′ xx magnitudes develop in the upper elastic crust beneath forebulges around the ice sheet, and tensile maxima in the lower crust reside in central regions beneath the ice-sheet load. Topographic features cause marked changes in ice-sheet load distribution, resulting in stressfield focusing beneath dynamically thickened ice. Likewise, crustal thickness variations concentrate stresses in thicker regions in our simulations.
Simulated stress fields migrate as ice-sheet oscillations cause forebulges and associated stresses to move laterally and the central depression to expand and contract. Migration of these stress patterns notably lags faster ice-volume changes because of viscous asthenospheric flow resistance, most notably during rapid icesheet decay. The details of stress-state evolution thus depend on the rate of ice-sheet change, although the size and thickness of the ice-sheet are generally more important than the rate of ice-volume oscillation in controlling tensile and shear stress magnitudes that can impact magma migration or shallow crustal fracturing. The largest variations in stress-field distribution occur at the onset of the initial glaciation and final deglaciation; however, ice-age cycling between glacial and interglacial (but not deglaciated) periods is sufficient to generate large stress changes.
We further note that decreasing τ asth would tend to sweep the high-stress zones across a broader region. As the time for bedrock compensation is diminished, the stress state captures more relatively rapid load fluctuations (e.g., on final deglaciation the stress changes would sweep farther inland, rather than slowly fading away in place). Conversely, increasing τ asth would tend to localize the high-stress regions within areas where the load was relatively constant for long periods, with quicker fluctuations effectively filtered by the slower response times. This follows because the elastic lithosphere (equation (1)) dictates the shape of the isostatically compensated profile, while the relaxed asthenosphere (equation (2)) dictates the rate at which it approaches that new equilibrium deflection. If load changes are fast compared to asthenospheric flow, deflection profiles (and therefore stress changes) are time limited, whereas if load changes are relatively slow, deflection profiles are load limited. For reasonable values of τ asth , the differences would be most pronounced for periods of rapid changes, as τ asth dictates whether stress changes sweep across the domain or not.
Regardless of the details of stress migration, we find across our broad parameter space that stresses are strongly tensile in widespread regions for well over 10% of an ice-age cycle. Consistent with underlying flexural physics, modeled tensile stresses remain small at middepths. However, significant vertical shear stress maxima are simulated in some regions, which span middepths and are of sufficient magnitude that they may enhance magma migration via vug-waves or other mechanisms.
Discussion and Conclusions
The effects of ice-sheet oscillations on lithospheric stresses beneath GrIS are large, even without the potentially significant additional impact of glacier erosion, sediment transport, and deposition on the loading history [Sternai et al., 2016] . For comparison, the melting of a 3 km ice sheet over 10 ka, a typical rate of deglaciation [Shackleton et al., 1984; Alley et al., 2010] , changes loading at roughly the same rate as unloading of crustal rock at 10 cm a À1 over a continental-scale area and at rates far higher than sea-level oscillations, which are thought to appreciably influence magma extraction at mid-ocean ridge [e.g., Crowley et al., 2015] . Numerous studies have shown that the direct effects of loading, and the resultant flexure, significantly affect brittle crustal processes and shallow magmatism [Wu and Hasegawa, 1996; Stewart et al., 2000; Hampel and Hetzel, 2006; Llubes et al., 2006; Huybers and Langmuir, 2009] . Observed, unexpectedly high GHF beneath ice-sheet regions led to the hypothesis that oscillatory loading from ice-age cycling contributed to enhanced GHF by one or several processes including enhancement of magma extraction from deep rocks, magma migration into shallower locations (or completely through) the lithosphere, or deep groundwater flow accessing hot rocks and communicating with shallow subglacial hydrologic systems. In this study, we quantitatively investigate the hypothesis that GHF anomalies beneath the GrIS may be explained by shallowly emplaced magma and/or hydrothermal circulation enhanced by flexure-induced lithospheric stresses from
Journal of Geophysical Research: Earth Surface 10.1002/2016JF003855 cyclic ice-sheet loading, drawing upon the theories and observations of many previous studies [Hall, 1982; Hardarson and Fitton, 1991; Sigvaldason et al., 1992; Zielinski et al., 1994 Zielinski et al., , 1996 Fahnestock et al., 2001; DahlJensen et al., 2003a; Huybers and Langmuir, 2009] .
The first ice age after a long interval with no ice will suppress melt volume by raising the pressure melting point at depth. However, under some circumstances, a sufficiently long interval of ice-age cycling and the resulting erosion may cause the system to become insensitive to conditions before the initial glaciations. If so, then cyclic loading will cause a roughly linear oscillation in melt fraction and a quadratic increase in extraction efficiency during deglaciations (unloading) [e.g., McKenzie, 1984; Kohlstedt and Holtzman, 2009] . Largeramplitude loading variations will increase the ability of melt to migrate, potentially forming magma bodies that otherwise would not form [see Huybers and Langmuir, 2009] . Subglacial erosion further reduces loading, causing additional melting [Sternai et al., 2016] . Our results support this hypothesis, but much work is still necessary to quantify this effect for specific locations.
Buoyant melt rises through the crust by many processes but is clearly aided by emplacement of largely vertical dikes in many cases [e.g., Ahern and Turcotte, 1979; Rubin, 1995a Rubin, , 1995b Burov et al., 2003] . Stresses necessary for dike propagation can arise from tectonic processes, source-region overpressure, or other mechanisms. Our modeling suggests that for a broad range of crustal parameterizations, ice-age cycling of Greenland's ice sheet generates deviatoric tensile stresses of similar magnitude to those required for dike propagation. Shallow tensile stress maxima migrate laterally in the crust largely in response to ice-sheet margin dynamics, likely favoring volcanism sourced from existing shallow magma bodies [e.g., Hall, 1982; Huybers and Langmuir, 2009, and references therein] . The strongest, longest-lived tensile stresses in our simulations are deep maxima beneath central ice-sheet regions, which tend to change in magnitude in response to cyclic loading and favor dike emplacement at depth.
In some locations and conditions, relatively large differential shear stresses develop and extend across the middepth crust, suggesting that shear-related magma migration processes could enhance upward magma migration from the lower crust [Phipps Morgan and Holtzman, 2005] . The pattern and magnitude of stresses change in response to ice-sheet evolution, increasing the likelihood that a preexisting magma body beneath or near Greenland would encounter favorable conditions for upward migration. Our simulations do not show conditions that would favor a single-step (or single-process) migration from beneath the lower crust to the surface, but the combination of processes explored here (and potentially others) could result in a multistep enhancement of magma ascent via glaciotectonic stresses, as illustrated by overlap of significant, deviatoric tensile ( Figure 8h ) and shear ( Figure 9h ) stress fields. Shallow glaciotectonic stresses, modeled here to be tensile within regions closely tied to the forebulge, likely affect shallow crustal processes, and if buoyant melt is present beneath, they must affect the likelihood or rate of magma ascent. Simulated stress-field migration in response to ice-sheet evolution suggests multiple opportunities for migration of magmas in some regions, with multistep migration possible beneath and near the GrIS.
Additionally, shallow glaciotectonic stresses likely aid in shallow crustal fracturing and faulting (see review by Stewart et al. [2000] ). If this enhances shallow permeability of the crust and exceeds permeability loss from glacially induced erosion, then ice-age cycling might aid enhanced penetration of subglacial hydrothermal systems, thereby enhancing GHF beneath ice sheets [Clark and Pollard, 1998; Llubes et al., 2006; Huybers and Langmuir, 2009; Sternai et al., 2016] .
Combining our stress modeling results with earlier studies, we consider it likely that under appropriate conditions ice-age cycling does increase GHF to some regions beneath ice sheets. In turn, this suggests that some long-term changes in ice-sheet size and behavior result from interactions with the lithosphere and thus that the climatic history of ice-age cycling has been affecting geologic processes [Clark and Pollard, 1998; Huybers and Langmuir, 2009; Crowley et al., 2015; Sternai et al., 2016] . In addition, we suggest that these processes are not limited to Greenland but could be as important, or more important, in West Antarctica and perhaps elsewhere [Llubes et al., 2006; Huybers and Langmuir, 2009; Paulsen and Wilson, 2010; Schroeder et al., 2014] .
A large gap exists between these considerations and any quantitative test of the hypothesis that GHF anomalies in Greenland arose in part from the influence of the ice-sheet growth and decay over climatic cycles. We quantitatively demonstrate that deviatoric stresses from ice-sheet loading simulations are sufficiently large to meaningfully contribute to upward migration of subjacent magmas in a number of reasonable model parameterizations. The preglacial passage of the Iceland-Jan Mayen hot spots beneath Greenland provides the possibility of a source of magma at depth and thinned lithosphere, shortening magma ascent distances [Lawver and Müller, 1994; Braun et al., 2007, and references therein; Rogozhina et al., 2016] and perhaps contributing to the variations in elastic thickness that focus stresses and make melt migration more likely. Ongoing research is revealing connections between glacial and magmatic processes [e.g., Crowley et al., 2015; Sternai et al., 2016; Rogozhina et al., 2016] , but additional work is required to fully test the hypotheses presented here. We believe that our findings motivate higher-order modeling and targeted geophysical studies over GHF anomalies beneath the Greenland ice sheet and other ice sheets.
